Blood flow interactions with the vascular endothelium represent a specialized example of mechanical regulation of cell function that has important physiological and pathological cardiovascular consequences. The endothelial monolayer in vivo acts as a signal transduction interface for forces associated with flowing blood (hemodynamic forces) in the acute regulation of artery tone and chronic structural remodeling of arteries, including the pathology of atherosclerosis. Mechanisms related to spatial relationships at the cell surfaces and throughout the cell that influence flow-mediated endothelial mechanotransduction are discussed. In particular, flow-mediated ion channel activation and cytoskeletal dynamics are considered in relation to topographic analyses of the luminal and abluminal surfaces of living endothelial cells. 
INTRODUCTION
As blood flows through arteries, it imparts physical forces to the vascular wall that regulate a number of important physiological responses in blood vessels and are also implicated in the development of arterial wall pathologies. Changes in blood flow are responsible for the acute regulation of vessel tone, the development of blood vessel structure during embryogenesis and early growth, and the chronic remodeling of adult blood vessels following interventions that alter the mechanical environment. Hemodynamic forces can be resolved into two principal vectors: first, shear stress, a frictional force acting at the interface between flowing blood and the vessel wall; and second, pressure acting normal to the vessel wall, which imposes circumferential stretch to the tissue (24, 33) . It is now well accepted that hemodynamic shear stress acts through the endothelium to regulate both acute vessel tone and chronic restructuring of blood vessels (19, 23) . Thus the endothelium is a complex mechanical signal-transduction interface between flowing blood and the vessel wall (70) .
In contrast to physiological regulation, the role of hemodynamics in pathological events is less well understood. The most notable association is that regions of disturbed flow correlate with the distribution of atherosclerotic lesions in large arteries, a relationship that has been recognized since the 1850s (83) . Some regions of the arterial tree never succumb to atherosclerosis, whereas others are highly susceptible. These areas usually coincide with regions of separation from unidirectional laminar flow that occur typically near branches, bifucations, regions of arterial narrowing, and curvatures in the arteries. The local hemodynamic forces generate complex gradients of shear stress and produce highly uneven stretch forces within the vessel wall. Consequently, theories of high shear stress, low shear stress, particle residence time in the bulk fluid, and differential arterial compliance and stretch have all gained a degree of credibility as causative factors of focal atherosclerosis (13, 32, 87) . How the endothelium plays a dominant hemodynamic role in such a complex environment is unclear, although at least one major endothelial dysfunction is associated with the developing lesions: the failure of both flow-mediated and chemically regulated vasodilation (37) . Other vascular pathologies in which blood flow plays an important role include the clotting and fibrinolytic cascades at the blood vessel surface, where critical concentrations of enzymes, substrates, and cofactors responsible for clot formation and dissolution are influenced by the local flow characteristics that regulate the convective delivery and removal of reagents (26, 35) .
This article reviews spatial relationships that influence signaling responses initiated by hemodynamic shear stresses in endothelial cells. Cell imaging techniques, in providing geometric information at cell surfaces, have prompted a reexamination of the localization of mechanotransduction sites. The reader is also referred to a recent review of flow-mediated endothelial mechanotransduction mechanisms (19) .
Endothelial Bioresponses to Hemodynamic Forces: A Hierarchy
A sense of order can be created from the bewildering array of endothelial responses to shear stress by arranging them in order of response times; a hierarchy of potential relationships can then be postulated. A prominent feature is that they range across a variety of biological disciplines, from electrophysiology to biochemistry to cell biology, gene regulation and major changes of cell structure (Figure 1 ). These diverse responses are often contemporaneous. For example, very early electrophysiological changes of membrane potential (seconds) and the activation of potent biochemical cascades appear to have similar time constants (8) . The latter include G protein activation, the mobilization of phosphoinositide derivatives, release of intracellular free calcium, Figure 1 Endothelial mechanotransduction: shear stress. IP 3 , inositol-1,4,5-trisphosphate; DAG, diacylglycerol; PG, prostaglandins; NO, nitric oxide; MAP, mitogen-activated protein; NFB, nuclear factor kappa B; SSRE, shear stress response element; PDGF-B, platelet derived growth factor B chain; bFGF, basic fibroblast growth factor; NOS, nitric oxide synthase; tPA, tissue plasminogen activator; TGF␤, transforming growth factor beta; ICAM-1, intercellular adhesion molecule-1; MCP-1, monocyte chemoattractant protein-1; HSP-70, 70-kDa heat shock protein; ET-1, endothelin-1; MTOC, microtubule-organizing center; Tm, thrombomodulin; Fn, fibronectin. and cyclic nucleotide phosphorylation (9, 30) . Structural changes, such as rearrangements of actin and vimentin filaments, which are generally observed much later in the sequence of mechanotransduction events and are associated with changes of cell shape, are also detectable by sensitive techniques soon after the initiation of a change of mechanical load (19, 31) . The time constants are similar to those associated with activation of some of the known early transcription factors (49) . Although many responses support an ordered sequence of initial signaling leading to transcription factor activation, gene regulation and cellular structural adaptation (associated with the synthesis of new proteins), there are also shorter signaling pathways. An example is shown in Figure 1 as release of the potent vasodilators nitric oxide (NO) and prostacyclin. By requiring only acute signaling, a vasoregulatory outcome can be stopped quickly or reversed if the mechanical environment changes. Therefore, it is not necessary for the cells to undergo major restructuring in response to reversible acute mechanical events. On the other hand, if the new mechanical environment is sustained, transcriptional, posttranscriptional, and posttranslational events cause an appropriate functional and/or structural reorganization that may be considered an adaptive response. For example, the alignment of endothelial cells in the direction of flow is a usual outcome of exposure to directional flow (25, 60) .
Between these acute and chronic responses are many interacting components. Two transcription factor families that are present in the cytoplasm of most cells, including endothelium, are Rel-related nuclear factor kappa B (NFB) and nuclear factor activator protein-1 (AP1). Both are stimulated by shear stress (49) , and NFB p50-p65 complex binds to a recently described shear stress response element (SSRE) identified as a consensus sequence found in several flow-responsive genes (68, 69) . It has recently become apparent that there are multiple interactive SSREs in the endothelium. Shyy et al (77, 78) have shown that flow-induced expression of the endothelial early response gene, monocyte chemoattractant protein-1 (MCP-1), is regulated through shear stress-sensitive cis-acting sequences in the 5 promoter. A phorbol ester response element that binds the transcription factor AP1 was found to be essential for shear responses. Furthermore, recent studies of gap junction connexin gene expression in cultured endothelial cells subjected to flow demonstrate upregulation of connexin 43 mRNA despite the absence of known SSREs in the connexin gene (DC Polacek et al, manuscript submitted). These experiments suggest that multiple cis response elements are involved in shear stress-induced gene regulation. By defining the temporal and spatial framework within which the bioresponses occur, a better understanding of the multiple interactions should follow.
There are four major areas currently under investigation within the general pathways of flow-mediated mechanotransduction. The first is to address the question: How is a mechanical force converted by the endothelium into an initial response? The second is to elucidate the pathways leading to rapid release of NO and other vasodilators and to determine if these initial pathways are also common to other downstream responses, particularly gene regulation. Studies of transcription factors activated by shear stress and their interactions with DNA of (mechanoresponsive) genes in the nucleus constitute the third research focus. The fourth area is the study of alterations of cell structure, particularly those involving the cytoskeleton. Following initial signaling, it is likely that these areas overlap and interact extensively, and cellular adaptation to flow, a slow process, may influence initial signaling. However, spatial relationships are currently most accessible for investigation of the first and fourth of these areas, the initial cell response and the cytoskeleton.
IMAGING THE LUMINAL ENDOTHELIAL SURFACE
When hemodynamic shear stress acts at the endothelial cell surface, the stress distribution at the surface and throughout the cell is determined by the threedimensional shape of the luminal surface ( Figure 2 ). Most studies have assumed the shear stresses to be those calculated for a smooth surface without reference to the individual cell topography. However, each cell responds to the forces acting locally at its surface. Thus characterization of flow forces on a cellular scale, requiring detailed cell surface geometry, is essential. In a theoretical study of flow over a sinusoidal undulating surface simulating the endothelium, Satcher et al (73) demonstrated variations in shear stress over the model cell surface that were strongly dependent on the surface geometry. The model was extended to living cells in near real-time by Barbee et al (5, 6) using atomic force microscopy (AFM) to map out the real surface geometry. In the absence of flow, bovine aortic endothelial cells in confluent cultures were polygonal in shape with quite smooth surfaces. Boundaries between cells were visible and the average differential from the highest point of the cells (over the nuclear region) to the lowest point at junctions between cells was several µm ( Figure 3A ). After monolayers had been subjected to directional flow for 24 h, the cells aligned with the flow and AFM measurements were repeated. There was a small decrease in the average range of surface heights compared with control cells, but a significant decrease in the amplitude of surface undulations i.e. streamlining of the cells. An 11
• average slope in control cells was reduced to an 8
• incline in the flow-aligned cells with significant implications for the distribution of stresses.
Stress Concentrations Determined by Surface Geometry
The AFM geometric data provided ≈10 5 x, y, and z coordinates for each cell. By analyzing AFM data from a representative region of the confluent monolayer in a computer simulation of flow, the distribution of shear stress on a cellby-cell basis was calculated using the computational fluid dynamics program NEKTON (6) . As shown in Figures 3B and C, in which gray scales representing shear stress and shear stress gradients, respectively, in the flow direction were superimposed on the cell contours, it can be seen that the stress distribution is determined by the topographic undulations. This is true for both control cells and those aligned by flow. The average peak stress per cell was reduced in the aligned monolayers as was the peak shear stress gradient per cell. The relative areas exposed to extremes of both shear stress and shear stress gradient were smaller in aligned cells compared with non-aligned cells. (34, 76) and in vivo (27) , induction of synthesis and nuclear relocalization of c-fos protein in vitro (67), expression of major histocompatibility complex (MHC) antigens in vitro (55) , inhibition of endothelial cell division in vitro (88) , and relocalization of the Golgi apparatus and microtubule-organizing center (MTOC) in vitro (16) . In each of these cases, high levels of response in one or a group of cells is accompanied by absent or diminished responses in adjacent cells of the same endothelial monolayer despite exposure to an identical flow field in vitro or location in a predicted uniform hemodynamic environment in vivo. Because the responses are specifically flow-related, very local regulatory mechanisms must be responsible for the differences. A plausible explanation is the heterogeneous topography that exists in the monolayer. The sensitivity of a cell may be determined by the fraction of cell surface exposed to stress concentrations above a critical threshold (20) .
Heterogeneity of Endothelial Flow Responses

Critical Factors in the Location of Flow Sensors
A similar argument can be made for individual flow sensors. In addition to cell-to-cell variations in stress distribution, variations in hemodynamic forces on a subcellular scale may also be important. Because the force distribution is spatially variable, the precise location of any primary flow sensor at the luminal endothelial surface is relevant to that particular cell's ability to respond. As shown simplistically in Figure 4 , if there is a limited number of flow sensors at the luminal surface, those grouped at position 1 will be exposed to virtually identical (maximal) stress concentration whether aligned or not. If, however, sensors are located where the subcellular geometries in the two cell configurations are very different (position 2), the stress concentrations in one configuration may be above or below an activation threshold. The concept can be extended to any model of localized mechanical sensitivity involving a modest number of flow sensors per cell; e.g. flow-sensitive transmembrane proteins linked to the intracellular cytoskeleton that concentrate the stresses into and throughout the cell body (85) . Thus varying surface geometries in a flow environment can directly influence cell tension (43, 44) .
Endothelial Surface Geometry Is Similar In Vitro and In Situ
To explore the relevance of in vitro measurements of cell topography to in vivo geometry, the endothelium of a rabbit aorta was imaged by AFM (20) . At present, a limitation of this approach is the variable waviness of underlying arterial wall structures that often exceeds the range of vertical movement of the AFM stylus. This results in reliable imaging of only relatively small regions of the arterial surface; however, although limited in area, accurate detailed topographic data was recorded. An AFM image obtained from the abdominal aorta is shown in Figure 5 (top panel). The luminal surfaces of five cells are visible aligned in the direction of flow. They were of a size and shape that resembled those of cells aligned by flow in vitro. A comparison of selected longitudinal height profiles (lower panels) demonstrates the similarity of both the general shape of the profile (e.g. height-to-length ratio) and the relative smoothness of the surface in both in vivo and in vitro images (20) . These images are the first detailed measurements of endothelial surface geometry in living arteries. They strongly suggest that the surface contours of endothelial cells maintained in culture are very similar to those observed in situ, a finding that supports the validity in vivo of conclusions derived from in vitro measurements of cell surface geometry.
LOCATION OF FLOW-SENSITIVE K + CHANNELS
An important early endothelial response to shear stress, now known to be entirely or partly localized to the luminal membrane, is activation of inwardly rectifying K + (IRK) channels, first identified by Olesen et al (65) . When flow was imposed, a membrane current developed as a function of shear stress with half-maximal activation at 0.7 dyn/cm 2 . Channel activity reached a plateau near 20 dyn/cm 2 . On the basis of ion selectivity and reversal potential, the current was identified as an inwardly rectifying K + current and was designated I KS . The current was rapidly activated in response to flow, only slowly desensitized (minutes), and was inactivated when flow was stopped. Neither atrial myocytes nor vascular smooth muscle cells expressed I KS . Subsequent studies of single IRK channel recordings in cell-attached patches (46) demonstrated flow-associated hyperpolarization and activation of large inward and small outward whole-cell currents, consistent with the previous whole-cell recordings and confirming localization to the luminal cell surface. The absence of large conductance single channel currents and insensitivity to charybdotoxin suggested that maxi-K channels did not contribute to flow responses. The open state probability of individual IRK channels was increased within minutes of exposure to shear stress, reflecting a delayed opening and closing response when compared with shear stress-activated whole cell currents. Considering that the recordings were made from patches that were not directly exposed to the shear stress (being protected by the micropipette), the findings suggest that the channel is activated secondarily to other signaling events initiated by shear stress elsewhere on the cell surface and transmitted to the channels in the micropipette. This could occur by a dependence upon membrane hyperpolarization effected by IRK channels outside of the patch, or by mechanical (cytoskeletal) or chemical (e.g. G proteins, calcium) linking to primary mechanosensors elsewhere. Some evidence for a link to calcium was obtained by the finding that the open probability of endothelial IRK channels in inside-out patches excised from the cell surface was increased twofold by exposure to micromolar concentrations of calcium (46) . Because these studies were limited to the luminal membrane, they confirm the existence of flow-sensitive IRK channels only at that site. It remains unclear, however, whether the channels themselves are flow sensors; the delayed IRK responses in patches may occur by activation secondary to an upstream sensor.
These studies are consistent with measurements of unidirectional Rb + efflux from endothelium that confirm a shear stress-dependent plasma membrane permeability to K + (2), and recordings of endothelial hyperpolarization during flow using potentiometric dyes (59). Cooke and colleagues (17, 62) used pharmacologic inhibitors to demonstrate the association of flow-sensitive endothelial K + channel activity with the release of an endogenous nitrovasodilator in arterial rings. They have also provided circumstantial evidence that activation of a K + channel is associated with G-protein coupling and the elevation of endothelial cGMP. Although voltage-gated calcium channels are not present in cultured endothelial cells (1, 64, 80) , hyperpolarization can lead to increased calcium influx via a calcium/phosphatidylinositol/hyperpolarization-activated Ca 2+ -permeable channel (51, 52, 64) , and hyperpolarization increases the electrochemical gradient for calcium, resulting in calcium influx (39) . The opposite effect, depolarization, attenuates cellular functions that rely upon calcium influx, e.g. NO release, vasodilation (14, 52) .
Endothelial hyperpolarization as a function of shear stress was also reported using membrane potential-sensitive fluorescent dyes (59) . Recent studies (A Barakat & PF Davies, manuscript submitted) using the voltage-sensitive dye bisoxonol have revealed a simultaneous activation by flow of hyperpolarizing and depolarizing responses. A dominant initial hyperpolarization was reversed so that the cell reached a net depolarized state after several minutes. If IRK channels were blocked with barium or cesium, immediate depolarization was recorded. Depolarization was blocked by chloride current inhibitors, suggesting the involvement of flow-sensitive chloride channels. When chloride channels were inhibited, a prolonged hyperpolarization resulted.
Olesen & Bundgaard (64) have demonstrated that an inwardly rectifying K + channel in bovine aortic endothelial cells requires phosphorylation in order to remain open. Inside-out patches required administration of ATP to the cytosolic side in order to maintain ion channel activity. These findings suggest that a prominent inwardly rectifying K + channel in endothelial cells has some similar characteristics to the rat kidney channel cloned by Ho et al (40) and for which a putative ATP-binding site implicated in phosphorylation was identified. Evidence that flow-activated K + channels may operate independently of chemically sensitive K + channels has recently been published (41) . Attempts to clone endothelial K + channels on the basis of structural homology to channels identified in other tissues have met with limited success. However, a IRK channel has recently been cloned from human umbilical vein endothelium that contains two transmembrane-spanning regions flanking a pore region and an extraordinarily long extracellular loop. The channel has been designated endothelial IRK (E-IRK; MV Volin et al, manuscript submitted). E-IRK mRNA is expressed strongly in Northern blots of cultured endothelial, but not smooth muscle cells, and exclusively in endothelial cells of rabbit arterial tissue probed by in situ hybridization. E-IRK is the first K + channel cloned from endothelial cells (subfamily KIR 2.3); further studies will determine if it is flow sensitive (see note added in proof).
IMAGING THE ABLUMINAL ENDOTHELIAL SURFACE ADHESION SITES
Focal Adhesion Dynamics
Whatever the stress distribution induced by flow on the luminal endothelial surface, resistance to cell detachment and rolling is localized to adhesion sites on the abluminal surface. We propose that some aspects of flow-mediated signaling in the endothelium could be located at adhesion sites, the stress forces being transferred across the cell body through the cytoskeleton (19, (21) (22) (23) 25) . All anchorage-dependent cells, including the endothelial lining of blood vessels, attach to the extracellular matrix at specialized regions called focal adhesion sites (12, 45, 79) . In both in vivo and in vitro at such sites, the extracellular domains of integral membrane proteins bind to adhesion proteins of the matrix or substratum. In vitro, the separation distances between a proteincoated glass surface and the cell approaches 10-15 nm, allowing imaging of the adhesion sites by interference reflection microscopy (IRM) made possible by differences in refractive index of the components (36) . Following initial observations of cell-substratum adhesion sites in Swiss 3T3 cells by tandem scanning confocal microscopy (TSCM), the dynamic nature of these sites in living endothelial cells was demonstrated using TSCM, digital image processing, and three-dimensional image reconstruction (22, 23) (Figure 6 ). In the raw image, TSCM combines IRM principles with confocal optical sectioning capability. In an unperturbed confluent monolayer of endothelial cells adherent to a glass substratum coated with adhesion proteins, focal adhesion remodeling Figure 6 Endothelial abluminal cell surface geometry observed in real-time by tandem scanning confocal microscopy after image processing and computer enhancement. Reconstructed threedimensional image of the abluminal surface of a living endothelial cell. The substratum has been removed from the image to expose the surface topography. Membrane projections represent focal adhesion sites where the cell is attached to the underlying (invisible) extracellular matrix. occurred in a random fashion without any preferred orientation (21) . Adhesion sites occasionally disappeared, sometimes in less than 1 min; in other cases, the area of contact remained constant but changed considerably in shape and size. The appearance of new sites was observed where contact had not previously existed between the cell and the adhesion proteins. Throughout these adhesion dynamics, the shape of individual cells in the monolayer remained unchanged, the overall effect being that of stationary cells constantly probing and reprobing the substratum. Observations during directional flow showed complex changes of focal adhesion site dynamics, the net effect of which was site remodeling related to the direction of the luminal shear stress (22) .
Recently, quantitative analyses of site orientation and alignment during flow have been performed by expanding the use of the Fourier transform to quantify the complex nature of the changes in endothelial adhesion sites during continuous exposure to flow forces (M Wernick et al, manuscript submitted). Two-dimensional directional remodeling of adhesions in cells exposed to flow was analyzed for changes in the principal axis of alignment, θ , and the degree of Figure 7 Adhesion site alignment at the abluminal surface of cells subjected to flow at two levels. Adhesion sites moved toward alignment (zero value) more quickly in a shear stress field of 20 dyn/cm 2 than at 10 dyn/cm 2 . alignment (eccentricity), e. Quantitation was obtained by principal component analysis of the magnitude of the discrete Fourier transform of each image. The analyses revealed that adhesion site remodeling was progressively directional during flow, that the rates of site realignment and eccentricity (dθ /dt and de/dt) were related to the magnitude of the shear stress ( Figure 7 ) and the composition of the extracellular matrix, and that changes of e could proceed at a markedly different rate than θ. These real-time, live cell measurements confirm that adhesion site remodeling is part of the coordinated responses of endothelium to changes of cell tension, a finding consistent with the overall hypothesis that mechanical tension mediates cell function (41, 42) .
Biochemical Signaling at Adhesion Sites
At focal adhesion sites, a series of linker molecules provides direct structural communication between the cytoskeleton and the extracellular matrix through transmembrane proteins of the integrin family (10-12) allowing both inside-out and outside-in signaling between the cell and its matrices (42) . The dynamic nature of adhesion sites in endothelial and other anchorage-dependent cells is best explained as a rapid turnover of one or more key structural elements such that the sites constantly rearrange in area and position (19) . This is a particularly active mechanism in migrating cells. If adhesion sites are involved in hemodynamic signaling, timing is important because a delayed response may imply that the remodeling is occurring secondary to overall cytoskeletal reorganization, whereas a rapid response may imply a primary signaling role in mechanotransduction. The TSCM studies demonstrated directional remodeling of adhesion sites with variable time constants ranging from almost immediate responses to significant delays.
Potential flow-signaling molecules localized to focal adhesion sites include tyrosine, threonine, and serine kinases. The phosphorylation levels of intracellular proteins associated with adhesion sites, which are implicated in integrinmediated cell adhesion, have been studied in endothelial cells subjected to flow. Anti-phosphotyrosine Western blots of abstracts of confluent endothelial cells demonstrated two prominent groups of protein at 120-130 kDa and 65-75 kDa that were identified as the proteins focal adhesion kinese (FAK) and paxillin, respectively. Both proteins were shown to be associated with endothelial focal adhesion sites by immunfluorescence. When compared with no-flow control endothelial monolayers, phosphorylation of paxillin in bovine aortic endothelial cells increased several-fold within 2 h of exposure to unidirectional laminar flow (12 dyn/cm 2 shear stress), whereas in contrast, FAK phosphorylation remained within 20% of control levels ( Figure 8 ). This was confirmed in Western blots of immunoprecipitated FAK and paxillin. The enhanced tyrosine phosphorylation of paxillin was preceded by a 50% decrease during the first minute, suggesting enhanced phosphatase activity. Measurements of FAK enzyme activity during flow revealed no changes. However, in human umbilical vein endothelial cells, Berk et al (B Berk, personal communication) have observed enhanced FAK tyrosine phosphorylation several minutes after initiation of flow without significant changes in paxillin phosphorylation levels. Although these data are preliminary, they suggest that protein kinase activity at adhesion sites may be involved in the hemodynamic response of endothelial cells to shear stress.
FLOW-SENSITIVE SIGNALING PATHWAYS FOR NITRIC OXIDE AND OTHER ACUTE VASOREGULATORS
The mechanism(s) of flow induced NO-mediated vasodilation are likely regulated by endothelial nitric oxide synthase (eNOS) activity. The enzyme is constitutively expressed at a basal level and its activity appears to be calcium/ calmodulin-dependent (29, 50) . Protoporphyrin IX, FAD, FMN, and tetrahydrobiopterin (74) are required cofactors (75) . A unique feature of eNOS is a myristoylation site of unknown function at the N-terminus (54, 61, 73, 75) that may anchor it to the plasma membrane and in some way be involved in shear-activation of eNOS. The enzyme is subject to feedback regulation by NO (71) . Flow activation of eNOS appears to involve increase of intracellular calcium. However, the mechanisms of shear stress transduction are unclear because of the large number of regulatory possibilities associated with the cofactors for activation of this enzyme, the presence of common transcription factor-binding sites in the 5 -flanking region, and the availability of recently identified phosphorylation sites that may be regulatory (74; see below).
eNOS mRNA and protein expression is significantly increased following exposure to shear stress in laminar flow (60, 82) . The increase was prevented by inhibition of protein synthesis and was independent of PKC activation or inhibition. A potassium channel antagonist, tetraethyl ammonium chloride (TEA), blocked the response, suggesting some relationship with potassium channels. An inhibitor of microtubule polymerization, nocadozole, also abolished the flow-related eNOS effect. eNOS expression is sensitive to different flow characteristics at a fixed mean shear stress, i.e. enhanced expression follows step changes in flow. eNOS expression in vivo correlates well with situations of increased or decreased flow (47) .
eNOS, in common with other NOSs, contains consensus sequences for phosphorylation by protein kinases A and C, and calmodulin kinase II (74) . Rapidly increased phosphorylation of serine or threonine residues upon exposure to shear stress has been reported (18) . In addition, there is a calcium/calmodulinindependent mechanism of activation of eNOS (66, 81) . In cultured endothelium, flow-induced NO release is biphasic, with an initial rapid rise at the onset of flow followed by slow development of a sustained increased level of production (7). The initial peak NO release is Ca 2+ dependent but independent of shear stress magnitude. In contrast, the sustained phase is Ca 2+ independent but dependent on shear stress magnitude. Flow appears to stimulate Ca 2+ -dependent NO release in periodic bursts at approximately 15 min intervals, whereas the Ca 2+ -independent NO release is continuous and sustained. Recently, Ayajiki et al (4) reported that the Ca 2+ -dependent phase may be an in vitro artifact. In excised segments of rabbit iliac artery, they at first found both Ca 2+ -dependent and Ca 2+ -independent responses to be similar to those noted in vitro. However, when the arterial segments were restored to their in vivo lengths, the Ca 2+ -dependent phase was abolished and their data suggest that NO production proceeds principally through a Ca 2+ -independent mechanism in vivo. If this is true, then the focus of eNOS control shifts toward other pathways. A prominent candidate pathway is the phosphorylation of mitogen-activated protein (MAP) kinases (81) . MAP kineses are activated independently of Ca 2+ . Activation is inhibited by interference with the activity of protein kinase C. A link to upstream G protein signaling was provided by the demonstration that MAP kinase activation is preventable by exposing the cells to nonhydrolyzable GDP analogues. In vivo, inhibition of protein tyrosine kinase by herbimycin abolishes flow-dependent NO release in intact arteries (4) . All these studies suggest that tyrosine phosphorylation is required for the activation of eNOS but the spatial relationships remain unclear.
THE ENDOTHELIAL CYTOSKELETON IN FLOW SIGNALING
Stress Transmission
Cells rely upon a combination of structural and chemical elements for normal function; the two are closely intertwined. For example, cell shape determined by the cytoskeleton mediates cell growth and differentiation (42) . The cytoskeleton determines the shape of anchorage-dependent cells and physically connects many cell components thereby generating cell tension. When endothelial cells are subjected to flow, the cytoskeletal tension is likely to change. This has not been directly measured (although it is now feasible), but is supported by a number of experiments.
Change in cell shape and cytoskeletal distribution was one of the earliest observations in cultured endothelium subjected to directional flow, resulting in cell alignment (24, 60) . The reorganization of adhesion sites during flow is best explained by transfer of stress across the cell from the luminal to abluminal surfaces. At the luminal surface, Wang et al (85) have demonstrated the transfer of twisting forces across the luminal endothelial membrane via transmembrane integrins, resisted by cytoskeletal components. At adhesion sites on the abluminal surface, cytoskeletal elements are linked to integrins that bind extracellular adhesion proteins (11) . Thus there is continuity of structural elements across the cell that are involved in mechanotransduction.
The cytoskeleton might be considered to be involved in shear stress mechanotransduction at every level. It determines cell geometry including the luminal topography. It maintains cell tension at (a) adhesion sites, critical locations regulating many aspects of cell function; (b) cell junctions, which regulate contact inhibition of endothelial growth and cell-cell communication; and (c) the nuclear membrane, which may be physically important for gene regulation. It interacts with biochemical pathways throughout the cell including those regulating its own turnover, and it is implicated in mechanosensitive ion channel activation (72) . The three principal cytoskeletal groups of proteins-actin microfilaments, intermediate filaments, and microtubules-participate in poorly understood ways in flow-mediated mechanotransduction.
Actin has been most widely studied (24, 31, 38, 86) . Microfilament reorganization in flow results in the assembly of bundles oriented in the direction of flow (38) Microtubules have not been extensively studied in mechanotransduction research. Recently, however, Malek & Izumo (53) have shown that microtubule disruption by nocodazole blocked cell alignment by flow and the induction of actin stress fibers. They extended these findings to show that cell shape change was dependent on tyrosine kinase activity and intracellular calcium concentration, although the precise link to the cytoskeleton was not identified. Cell alignment was not dependent on intermediate filaments.
Three-Dimensional Imaging
Progress in understanding the role of the cytoskeleton in mechanotransduction is enhanced by direct observation of the spatial relationships within living endothelial cells, an approach applied to surfaces by AFM and TSCM techniques, as described above. Improvements in laser confocal microscopy and greater computational power applied to conventional fluorescence microscope images promises to revolutionize real-time visualization of spatial elements (15) . Deconvolution of stacked images obtained by optical sectioning of individual cells removes out-of-focus information. Extension of these approaches to living cells looks promising with the introduction of green fluorescent protein gene constructs that provide endogenous fluorescence to the cytoskeleton.
FLOW-MEDIATED CHEMICAL SIGNALING
The spatial relationships discussed throughout this review are most relevant to shear stress forces that result in displacement of specific localized membrane sensors and/or multiple connected components extending throughout the cell. However, labile chemicals at the cell surface may activate endothelial flow responses independently of physical displacement of the cell (reviewed in 19) . Thus when high local concentrations of labile agonists are released close to the endothelial surface, the probability of interaction with endothelial receptors is greatly influenced by flow; increased flow improves convective delivery to the receptors, whereas decreased flow slows convection. When the removal rate exceeds convective and diffusive delivery rates from the bulk fluid, a steep concentration gradient exists between the fluid and the cell surface, and this in turn will be influenced by the flow characteristics. It appears that flow-mediated chemical responses and shear stress displacement responses may occur independently of each other. When shear stress was greatly increased by changing the fluid viscosity, with only small changes in mass transport, flow-mediated relaxation of intact arteries was enhanced, indicating that the physical force was the principal effector (48, 57) . Ando et al (3) have also provided evidence for a direct mechanism of force transduction in evoking [Ca 2+ ] i responses that is additional to the effects of flow upon mass transport. Thus consideration of the potency of the local chemical environment should be included whenever possible in the interpretation of flow experiments, and the spatial relationships within chemical gradients near the cell surface can become a complex factor in flow-mediated cellular responses. Both physical displacement of the cell and chemical concentrations may interact to evoke a mechano-chemical transduction response.
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